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Forces acting on atomic force microscope tips during scanning of films of ionic surfactant molecules
adsorbed from aqueous solutions onto hydrophilic substrates are measured. Near critical micellar
concentration images of mica substrates show aggregate regions at the interface. Force versus
distance curves indicate that aggregates are the thickest adsorbed structures on the substrate.
However, topographic images registered at low scanning speed~15 mm/s! show that these
aggregates appear as holes, consequently observed as inverted in contrast images. In atomic force
microscope imaging of soft structures such as surfactants or biological material, inverted images
may be observed when the tip penetrates the scanned layers. This penetration can be adjusted by
changing the force applied by the tip, which results in different images. In order to obtain the
conventional atomic force microscope contrast in scanned images the applied force set point is
determined by the analysis of the force versus distance curves. ©2000 American Vacuum Society.
@S0734-211X~00!11803-7#
I. INTRODUCTION
Properties of surfactant films are of great technological
importance for the lubrication of a miniaturized mechanical
device.1 In addition, understanding the adsorption mecha-
nism of surfactant molecules at the solid-liquid interface, is
an important step toward modeling industrial processes
which use surfactants on a large scale, such as detergents,
water purification, oil recovery, and ore refinement by
flotation.2 An intermolecular interaction in bulk solution
leads to a variety of self-assembled structures like micelles
or liquid-crystalline structures which have been well
studied.3 At an interface, however, the normal self-assembly
process is perturbed by competing surfactant-surface and
solvent-surface interactions, which can, in principle, lead to
novel structures called ‘‘hemimicelles.’’4 Over the last few
decades, the adsorption characteristics of a wide variety of
surfactant-solvent-substrate systems have been investigated,
traditionally by adsorption isotherm5 and more recently by
fluorescence decay6 and neutron reflection.7
Imaging hard samples with atomic resolution requires a
probe with atomic dimensions. The atomic force microscope
~AFM! obtains topographical information from the short-
range repulsion resulting from the overlap of electronic
shells between the tip and sample.8 However, the presence of
long-range interactions such as the double layer electrostatic
force9–13 when scanning soft samples in liquid media leads
to a very different imaging scenario. The purpose of this
article is to report on forces acting on the tip when imaging
soft samples, as surfactant layers, in liquid media and to
determine their effects on the AFM image contrast. Images
of soft layers have been previously reported.14–17 Here the
effect of the applied force on the AFM image contrast was
investigated. Patches formed by solvent-surfactant-substrate
systems at mica surfaces in 131025, 331025, and 5
31025 M CTAB @cetyltrimethylammonium bromide,
C16H33~CH3!3N
1Br2 ~CTAB!, cmc 5 0.9 mM# solutions
were imaged and also characterized by force versus distance
measurements.
II. EXPERIMENT
Adsorption and self-assembly of the cationic surfactant
CTAB was investigated at the interface between an aqueous
solution and a hydrophilic substrate, namely, the cleavage
plane of mica. Surfactant adsorption was accomplished by
introducing an aqueous solution of CTAB into the fluid cell
and allowing the tip and freshly cleaved substrate to stand in
this solution for 50 min before operation. CTAB~99% pu-
rity! was used as supplied, without further purification.
CTAB aqueous solutions using Milli-Q Plus quality~resis-
tivity ;10 MV/cm! were introduced into the cell after
freshly cleaved mica was mounted on thexyz translator of
the AFM.
In this study all force curves and images were obtained in
surfactant solution at room temperature~;25 °C! by a com-
mercial AFM ~Topometrix TMX2000!. A sensor using a
four-quadrant detector measures vertical as well as lateral
forces. Unmodified silicon nitride~Si3N4) tips
18 ~Mi-
crolever™ type B, Park! was used. A special cell was built ina!Electronic mail: oteschke@ifi.unicamp.br
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order to perform observations in liquid media.19,20 The cell
was made of Teflon and the substrate~fr shly cleaved mica!
was fixed at its bottom. It was mounted in axyzpiezotrans-
lator to position the sample in contact with a stationary tip.
The laser beam enters and leaves the cell through a glass
plate and thus does not cross the air-liquid interface, which is
usually curved. We have obtained the best results in these
measurements with very soft cantilevers, typically;0.02
N/m. Airborne contamination is minimized by preparing
samples in a compact laminar flow cabinet and scanning
samples in a clean air hood. The instrument was calibrated
and the measured spring constant in air~0.023 nN/nm! was
found to agree with that specified by the cantilever manufac-
turer.
The large range of the measured values of the force acting
on the tip during the tip approach to the surface~force versus
distance curves! published in the literature may be associated
with the different tip fabrication procedures, resulting in
various tip shapes, distinct radii of curvature of the tip end
and distinct pyramidal cone angles. The tip composition~Si,
Si4N, or diamond covered tip, etc.! may also be a determi-
nant factor in the force measured values as well as cantilever
spring constant values starting from 0.01 up to 50 N/m.
When the mica basal plane is placed in pure water, the
mechanism for the formation of the double layer is assumed
to be the dissolution of K1 ions as well as ion exchange of
K1 by H1 or H3O
1 ions. When CTAB is added to water K1
is also substituted by C16H33~CH3!3N
1 ions. Thez ~zeta!
potential at the macroscopic mica surface-water interface
was measured using the plane-interface technique in the
presence of 1023 M KCl, and was found to be;125 mV
within the pH range from 5 to 6.21
III. RESULTS AND DISCUSSION
Figure 1 shows an image taken at a CTAB concentration
of about 531025 M. For this concentration a light region
and a few CTAB patches~dark regions! are observed, as
previously reported by Neivandtet al.22 The standard AFM
contrast in images show high structures as light regions and
low structures as dark, consequently a high structure with a
few holes covers the observed area. An apparent height dif-
ference between the two layers~dark and light regions! of
0.5 nm was measured for a scanning speed of 15mm/s. In
order to determine the film thickness of each layer, force
versus distance curves at the patches and at light regions
were measured. In force versus distance curves,23 the vertical
axis represents the force acting between the tip and sample
surface. Its value is obtained by multiplying the deflection of
the cantilever with its spring constant. The horizontal axis~ !
represents the distance the sample is moved perpendicular to
the surface by thexyztranslator. In this curve, repulsion acts
between the tip and sample. Hence, when the sample ap-
proaches the tip, the cantilever bends upwards. At a certain
point the tip is attracted to the surface. Finally, moving the
sample still further causes a deflection of the cantilever by
the same amount the sample is moved. A typical approach-
ing force curve collected on a mica surface in CTAB solu-
tions is a plot of the change in cantilever deflection (DY)
versus sample displacement (DX). On a hard and nonde-
formable surface,DY is proportional toDX while the tip and
the sample are in contact. Rather than using the sample po-
sition ~X!, it is more useful to use an absolute distance~D!
that is the separation between the tip and the sample surface.
The correction to produce a force versus distance curve uses
the relationshipD5DX2DY.24 Figure 2~a! shows the force
versus absolute distances for the light area~curve L), the
patch region~dark region, curves) and water~curveh).
FIG. 1. AFM image of a CTAB adsorbed layer on mica in a 531025 M
CTAB solution. Lighter regions indicate higher structures.
FIG. 2. ~a! Force vs absolute distance curves for water (h), dark region
~patches,s), and light region (L). Dashed lines are drawn to guide the
eye. Inset: Same curve showing the details of the diffuse double layer.~b!
Same force vs distance curves displayed in a region close (,8 nm! to the
mica surface: dark region~curves) and light region~curveL).
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Analysis of Fig. 2~a! shows that, at distances far away
from the surfactant layer there is a force field that decays
exponentially with distance with a Debye length (LD);27
nm, similar to the one obtained for bare mica in water (LD
;55 nm!, curveh, in agreement with the value measured by
Kékicheff et al.25 The force intensity is decreased approxi-
mately by a factor of 3 compared to the value measured in
water. This indicates the presence of an electric field gener-
ated by surface electric charges~mica!, partially neutralized
by surfactant adsorbed layer charges with the head groups in
contact with the mica surface and exposed to the aqueous
phase.
The strong repulsive forces at regions close to the sub-
strate interface@,5 nm, Fig. 2~b!#, in both curves (s
patches andL light region forming the background struc-
ture!, are associated with the adsorbed surfactant layer.14,22
At ;2.5 nm from the surface in the force curve~light area,
curve L) there is a rapid change in force with a small
change in tip/surface separation. One would imagine that the
first step in this process might occur by rearrangement of the
surfactant molecules at the tip/surface interaction region. Af-
ter this initial step, interdigitation occurs between molecules
in the layer and a monolayer is formed. The next component
of the force is also repulsive and corresponds to squeezing of
the monolayer patches resulting in the tilting of molecules.
Finally, the surfactant layer is removed from the tip/substrate
region.
A different surfactant structure is formed at the dark re-
gions@Fig. 2~b!, curves# as observed by the large repulsive
deviation from the exponential component starting about 4.2
nm from contact and reaching a steep wall at approximately
4.0 nm.14,22,26A rapid change in force with almost no change
in tip/substrate separation~at about 4.0 nm! followed by a
second attractive regime~3.2 nm! is observed when the tip
approaches the interface. This indicates that layer compres-
sion is followed by an attraction of the tip by the remaining
material between the tip and substrate.
The distance measured from the contact point~D 5 0! to
the region of a sharp increase in the force value gives the
surfactant layer thickness. The measured thicknesses of
patches and of the light background region are;4.0 and 2.4
nm, respectively; dark areas are then thicker than light re-
gions, and the film thickness difference measured from these
curves is;1.6 nm. At sufficiently large applied force, the
surfactant layer is squeezed from the space between the tip
and the surface. This value is defined as the film rupture
force and it is equal to 1.25 nN for the light region and 0.5
nN for the dark region. Previous results identify this rupture
force with steric limitations imposed by the immobilization
of CTAB and by the location of the CTAB binding site at the
mica surface.17
The topographic image in Fig. 1 shows that the dark re-
gion forms shorter structures than the background, but the
force versus distance curves show that the measured thick-
ness of the dark region is 4.0 nm, and that of the light region
2.4 nm. The height variations of the different adsorbed struc-
tures measured during the scanning process and in the force
versus distance curves acquisition stages are shown in Fig. 3.
In order to explain the inverted in contrast image shown
in Fig. 1, conforming to the AFM practice that high struc-
tures are light and low structures are dark, the adsorbed pat-
terns on the mica surface in different surfactant solution con-
centrations were observed. For mica immersed in 1024,
1023, and 1022 M CTAB solutions, the surface is totally
covered by patches. Layer rupture takes place 3.2 nm from
the substrate. In these concentrations this width corresponds
to the CTAB bilayer thickness.14,25,27,28
The velocity dependence effect on the measured thick-
nesses of the surfactant structures was then investigated. Fig-
ure 4 shows, for 531025 M CTAB solutions, the force ver-
sus distance curves for various approach velocities for both
structures. Each curve presented was registered using at least
five different mica substrates and three different tips with
various approach velocities averaged using measurements at
different points on the sample. The step shown in the force
versus distance curves is presented in all curves and all
curves show the same thicknesses but the signal to noise
ratio is variable. Therefore only the best signal noise ratio
curves are presented here. The identical shape of the force
FIG. 3. Schematic diagram of the different stages present during sample
scanning and the force vs distance measurements depicted by the relative
height of the adsorbed structures.
FIG. 4. Force vs absolute distance curves for water for different approach
v locities.
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versus distance curves for both regions for various approach
velocities indicates that there is no velocity dependence ef-
fect on the measured thicknesses of the surfactant at the
structures. Additional images obtained at 331025 and 1
31025 M CTAB concentrations are shown in Figs. 5 and 6.
For a 331025 M CTAB concentration~see Fig. 5! the re-
sults are similar to those previously shown in Figs. 1–4 for
531025 M CTAB. Figure 6~a! shows the pattern obtained in
a 1025 M CTAB aqueous solution. The profile of the image
formed is shown in Fig. 6~b! and the corresponding force
versus distance curve is shown in Fig. 6~c!. The force versus
distance curve obtained at the light regions shows that this
structure has a 4.0 nm measured thickness relative to the
mica substrate, consequently there is no inversion in con-
trast. A conventional AFM image is obtained in this case
because there is no detectable penetration (;0.1 nm!
through the hard substrate surface. The vertical profile mea-
sured using the scanned images, shown in Fig. 6~b!, indicates
that the light region~patches! has an height of;1.2 nm. The
difference in height between the two measurements@shown
in Figs. 6~b! and 6~c!# is associated with the tip penetration
through the surfactant layer (;2 nm! during scanning. For a
131025 M only bilayers are observed and the image has
conventional image contrast since the background is a hard
surface. Inverted in contrast images are only obtained when
we scan various soft structures with differentiated tip pen-
etration through each layer. We also observe that the area of
the covered regions present at the mica surfaces decreases
with decreasing CTAB concentrations.
The effect of the scanning speed on the image contrast
was then investigated. An extra force associated with the
scanning movement acts on the tip. A simple analogy for the
observed phenomena is water skiing. In water skiing, the ski
has to move faster than the water surface can rearrange. Con-
sequently, the variable dynamic normal forces associated
with the tip skiing at various scan speeds prevent the tip from
penetrating through the layer. When comparing the measured
height difference in Fig. 1, for dark and light regions, it is
possible to determine, for each scanning speed, the value of
the vertical force associated with the skiing of the tip. Since
the measured height difference between the dark and the
light region images in Fig. 1 is 0.5 nm, it is possible to
determine the force component resulting from the tip skiing
by determining the amplitude in the force versus distance
curves that correspond to a height difference of 0.5 nm. The
tip effective force is indicated by 2 in Fig. 2~b! which corre-
sponds to a normal component of the skiing force of 2.0 nN
~force set point 2.56 nN!.
The effect of the tip’s scanning speed on the image is
observed in Figs. 7~a!–7~c! which display the pattern ob-
tained for a force set point of 2.56 nN and the following
FIG. 5. AFM image of a CTAB adsorbed layer on mica in a 331025 M
CTAB solution; lighter regions indicate higher structures.
FIG. 6. ~a! AFM image of a CTAB adsorbed layer on mica in a 13 025 M
CTAB solution; lighter regions indicate higher structures.~b! Profile mea-
sured during the image formation process is indicated by the arrow in~a!.
~c! Force vs distance curve measured for points inside the light region indi-
cated by the arrow in~a!.
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scanning speeds: 15, 50, and 100mm/s, respectively. From
15 mm/s up to 50mm/s the curves show identical images.
For scanning speed greater than 50mm/s the shape of the
patches is drastically modified at each scanning. Inverted in
contrast images were obtained for all scanning speeds, con-
sequently, for the range of tested scanning velocities, no ef-
fect on the image contrast was observed.
A sequence of experiments was then performed, where an
area was scanned for a constant scanning speed but with
different tip applied forces. The result is given in Fig. 8; Fig.
8~a! shows the image obtained by scanning a mica CTAB
covered region with a contact force of 2.56 nN; Fig. 8~b!
shows the same scanned region divided into three subsets,
each scanned with a different applied force: 2.56~top!, 0.12
~middle!, and 3.66 nN~bottom!. Finally, Fig. 8~c! was reg-
istered immediately after the scanning shown in Fig. 8~b!.
This image was also obtained with a contact force of 2.56
N. The spatial distribution of the adsorbed surfactant layer
on mica is shown in all images; the dark areas correspond to
the patch regions and they are distributed in the background
FIG. 7. AFM images of the solution/
surfactant/mica interface for 2.56 nN
applied force showing the tip scanning
speed effect.~a! 15, ~b! 50, and~c! 100
mm/s.
FIG. 8. AFM images of the solution surfactant/mica in-
terface showing the tip force set point effect:~a! applied
force of 2.56 nN, scanning speed 15mm/s, ~b! region
scanned for different tip applied forces 2.56~top!, 0.12
~middle!, and 3.66 nN~bottom!; ~c! image obtained af-
ter the scanned image shown in~b! for a tip applied
force of 2.56 nN.
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of a light region. Inverted in contrast images are obtained for
all measured applied forces. The effect of a variable applied
force is quantified by measuring the height difference be-
tween patches and the light region for the three applied
forces:;0.5,;0.3, and;0.7 nN, respectively. The penetra-
tion of the tip through the light region and patches and con-
sequently the AFM image contrast depends, then, on the ap-
plied force set point value.
The image shown in the bottom part of Fig. 8~b! presents
a large number of small dark regions~patches! which were
not present in the first scanned image. Since this image was
obtained for the largest tip penetration through the surfactant
layer it would be reasonable to assume that the removal of
molecules from the light region will result in the formation
of new small patches of surfactant molecules. Finally, in Fig.
8~c! we observe that after successive scans small patches
tend to regroup, forming regions of larger patches.
Another point that deserves attention is that visual evalu-
ation of the images@Figs. 8~a!–8~c!# shows that the total
‘‘dark’’ coverage seems to increase after large force scans.
However, since free CTAB is present in solution and equi-
librium should be achieved, the morphology might be altered
by the tip scan, but not the coverage of each type. In order to
clarify this point the area of the dark region in Figs. 8~a!–
8~c! was measured. Initially the number of spots was counted
and then the area of each spot determined using the Image
Pro Plus 4.0 program, the results are shown in Table I. We
observes that due to the scanning action the number of spots
increases substantially in Fig. 8~b! and then decreases in Fig.
8~c!. But the areas in Figs. 8~a!–8~c! are practically invariant
~within 10%!. In fact there is a decrease in the area of the
dark regions after scan action which is the opposite result to
the one obtained by visual evaluation of the images. The
scan then modified the dark area by;10% in a scanned area
of 535 mm2 which corresponds to;1027 of the total area
of the sample~1 cm2).
Dark areas were then observed. The determining role
played by the applied force set point in the image contrast is
established when we change the applied force from 0.012
@Fig. 9~a!# to 2.56 nN@Fig. 9~b!#; a change in contrast oc-
curred when the tip force was increased.
Considerable forces between the tip and sample are a re-
quirement for AFM imaging. For hard samples, like mineral
surfaces, these forces do not, generally, lead to any sample
penetration. However, for organic films the minimum forces,
which are barely enough to allow stable imaging, result in
different tip penetration in each structure shown in Fig. 1 by
the dark and light regions. In order to obtain conventional
AFM contrast in the scanned samples, an analysis of the
force versus distance curves is a requirement: let us observe
Fig. 2~b! and consider the following simple scenario where
we have an almost null vertical component due to the tip
skiing. At the light region~curveL), by setting the contact
force at 0.6 nN the tip is contacting the top of the surfactant
layer. When the tip reaches the dark region the repulsive
force is smaller than at the light region. Consequently, the tip
gets closer to the substrate. A scanning profile that shows a
smaller tip to substrate separation at the patch region than at
the substrate is then registered, forming an inverted in con-
trast image. If the applied tip force varies from;0.6 up to
;1.2 nN the same contrast image is obtained.
The total force on a tip when scanning is the sum of the
vertical force component associated with tip skiing and the
applied force. The true image profile of the surfactant struc-
ture would be obtained if the sum of forces on the tip~ he
sum of the applied force set value and the normal component
force associated with the tip skiing! corresponds to the value
indicated by 1 in Fig. 2~b! up to a total force of 0.5 nN. From
these curves the patch height measured value is;4.0 nm and
the light region height is;2.4 nm, as indicated by curvesL
ands.
Inverted in contract images may then formed when the tip
scans soft layers where there is a differentiated tip penetra-
tion through each layer. However the observation by AFM of
TABLE I. Total number of dark spots and the area of the dark region mea-
sured using theIMAGE PROPLUS 4.0program.
Figure Total count Total area~arb units!
6~a! 168 17 616
6~b! 200 15 491
6~c! 146 15 844
FIG. 9. AFM images of the solution/
surfactant/mica interface scanned at
different applied tip forces showing a
change in image contrast:~a! 2.56 and
~b! 0.012 nN.
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only one soft structure adsorbed on a hard substrate as mica
~Fig. 5! shows the standard contrast image.
The data obtained by force versus distance curves are then
a requirement in order to measure the true layer thicknesses
and determine the tip applied force set value for registering
the AFM standard contrast in imaging surfaces. Large values
of the sum of forces on the tip will result in the removal of
the adsorbed layer, as indicated by 3 in Fig. 2~b!, medium
forces result in inverted in contrast images as indicated by 2
in Fig. 2~b!, and the conventional image contrast is obtained
for small forces, as indicated by 1 in Fig. 2~b!.
IV. CONCLUSION
We have investigated the adsorbate structure formed by
an ionic surfactant~CTAB! on a hydrophilic surface~mica!
in contact with aqueous surfactant solutions. Fluid mem-
branes can be imaged stably with a variable apparent height
difference between various soft layers depending on the tip
applied contact force. By adjusting the applied force and the
scanning velocity conventional contrast may be obtained in
imaging soft adsorbed layers. If high scanning speeds are
used, transport of surfactant molecules by the tip from the
light regions forming new dark regions is observed. The tip
force set point value, needed to obtain the true profile of the
structures, is determined from the force versus distance
curves which show the force component normal to the
scanned plane. High applied tip forces when scanning soft
material will result in removal of the adsorbed layer, medium
forces result in inverted contrast images, and the true image
contrast is only obtained for small applied forces.
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